Aim: To describe the pharmacokinetic parameters of efavirenz and estimate its clearance (CL/F) accounting simultaneously for drug-drug interactions and CYP2B6 genetic polymorphism. Methods: Genotyping of 516G > T single nucleotide polymorphism of CYP2B6 was performed using a PCR-based technology and plasma efavirenz concentrations were measured by high performance liquid chromatography on blood samples from 76 HIV adults co-infected with tuberculosis who had received an efavirenz-based regimen. Data were analyzed using population modeling with NONMEM. Results: The absorption rate constant and the apparent volume of distribution in the final model were 1.9 h −1 and 580 L/70kg, respectively. The CL/F at baseline was 11.8 L/h/70kg, 8.8
Introduction
Human immunodeficiency virus (HIV) has been identified as the primary cause of acquired immunodeficiency syndrome (AIDS). The primary and essential receptor for HIV is the CD4 lymphocyte cell which is involved in the induction of most immunologic functions. As a result, the immune system may get slowly damaged and individuals may develop symptoms of the late phase of HIV disease (AIDS) where individuals are susceptible to other opportunistic infections, such as infections with Mycobacterium tuberculosis, Pneumocystis carinii, toxoplasmosis and candidiasis, etc. Infected individuals are diagnosed as having AIDS status when their plasma HIV load is high and the CD4 cell counts falls below 200 cells/mm 3 (normal CD4 counts are between 500 and 1.600 cells/mm 3 ) [1] - [3] . Tuberculosis (TB) is the most common opportunistic infection among people infected with HIV [4] . TB is an infection caused by a bacterium called Mycobacterium tuberculosis that affects the lungs, following transmission after expectoration from an infected individual. Mycobacterium tuberculosis sometimes causes illness soon after the initial exposure, but an immune-competent system can prevent Mycobacterium tuberculosis from causing illness with the involvement of CD4 lymphocyte cells [5] - [7] . As a result, people infected with HIV are much more likely to develop TB than those who are HIV-negative [4] [8] . World Health Organization (WHO) reported that 13% of people who developed TB worldwide in 2012 were HIV-positive, with 75% of these being of African region origin [4] . The standard regimens for the management of each of these diseases combine two to four drugs [9] ; as a result, the medical management of HIV/TB co-infection is challenged by interactions between these drugs once co-administered [10] .
The TB therapy recommended in the WHO guidelines involves the combination of ethambutol, isoniazid, rifampicin and pyrazinamide, while streptomycin may be used when one of these drugs is contraindicated [11] . On the other hand, the management of HIV/AIDS usually involves the use of multiple antiretroviral drugs, known as highly active antiretroviral therapy (HAART). HAART combines two nucleoside reverse transcriptase inhibitors and a non-nucleoside reverse transcriptase inhibitor (NNRTI). The recommended HAART consists of an NNRTI (either nevirapine or efavirenz) plus two NRTIs, one of which being lamivudine or emtricitabine and the other zidovudine or tenofovir. HAART involving efavirenz (EFV) as NNRTI is the preferred treatment for HIV-associated TB, because of good tolerance with superior clinical outcomes. EFV acts by binding to the viral-specific enzyme reverse transcriptase and blocks its action in a noncompetitive manner [9] [10] . EFV is metabolised into hydroxylated metabolites primarily by the cytochrome P450 (CYP) 2B6, and secondarily by CYP1A2, CYP2A6, CYP3A4 and CYP3A5 with a minor contribution [12] - [14] . The suggested metabolic pathways of EFV are shown in Figure 1 . CYP2B6 makes up to 2% -10% of the total CYP content and is coded by a polymorphic gene at chromosome 19, which spans a region of approximately 28 kb and contains nine exons. A large number of CYP2B6 variants have been reported, among which 516G > T associated with reduced expression and activity. CYP2B6 metabolizes a number of xenobiotics and is highly inducible by several drugs and other xenobiotics [15] . Drug-drug interactions (DDIs) affecting EFV and involving TB drugs have been reported, enzyme induction caused by rifampicin TB drug being the most documented [15] [16] .
Enzyme induction can be due to co-administration of drugs with induction capability, or a drug inducing its own metabolism (auto-induction), or a combination of the former and the latter [17] . This last combination of events is normally common in the co-management of HIV/TB co-infection, where EFV-based HAART is concomitantly administered with rifampicin-based TB treatment (RBT). The induction effect of rifampicin on EFV metabolizing enzymes (CYP2B6 and CYP3A4) has been demonstrated in different populations [15] [16] [18] . Moreover, EFV has been shown to induce CYP2B6 and CYP3A4, accelerating its own metabolism [17] [19] [20] .
Furthermore, the main EFV metabolizing enzymes, CYP2B6 is characterized by interindividual differences in expression and activity, leading to altered EFV disposition [21] - [23] . In the context of co-management of HIV/TB co-infection, DDIs come as an additional factor that may affect EFV pharmacokinetics (PK). We recently reported differences in single nucleotide polymorphisms (SNPs) between a Rwandan population and other African populations [24] ; today, no study has characterized the PK of EFV in this population when undergoing both HIV and TB treatment. Besides, PK interactions between antiretroviral and TB drugs, in particular between EFV and rifampicin, as well as their clinical implications are still not well understood given that available data are conflicting, varying from one cohort to another [25] [26] . In addition, contrary to several previous reports, there is a need to characterize the PK of EFV by taking into account a real clinical situation. Therefore, the aim of this study was to describe the PK parameters of EFV in patients under both HIV and TB treatments, and to estimate the clearance by including CYP2B6 genetic polymorphism as a covariate and by taking into account the nature of the treatment previously administered to the patients. We hypothesized that patients may present with different baseline EFV clearances depending on the potential for the previous treatment to induce EFV metabolizing enzymes.
Methods

Study design and population:
An open-label and observational study was conducted in Rwandan adult HIV/AIDS patients co-infected with TB. Medications were administered in accordance with the Rwandan guidelines for the management of HIV/AIDS [27] . HAART combination was composed of either abacavir or tenofovir or stavudine or zidovudine added to EFV/lamivudine. TB treatment involved rifampicin (R), isoniazid (H), pyrazinamide (Z), and ethambutol (E). The fixed dose-combination regimen was 2(RHZE) 7 /4(RH) 3 (numbers before the letters indicate the months of duration of the treatment for the intensive treatment phase; subscripts indicate how often the treatment was taken each week). Both treatments were administered in a preexisting directly observed therapy (DOT) program. The study protocol was approved by the National Ethics Committee of the Ministry of Health in Rwanda (No. 148/RNEC/2009).
Patients were all adults (21 -65 years of age), HIV antibody positive, diagnosed for TB, anti-tubercular naive, on or initiating HAART (naive). Previous exposure to HAART was allowed as in the previous design by ter Heine et al. [28] . Of 147 screened patients, 105 patients meeting inclusion criteria including provision of written informed consent were recruited. Twenty five patients were withdrawn from the study during the follow up period in accordance with the study protocol. Eighty patients completed the study, among which 76 patients had received EFV-based HAART. Naive patients (Group A) were administered TB treatment, with HIV treatment to be initiated after a period ranging between two to eight weeks if CD4 counts are below 500 cells/µL, in accordance with the local treatment guidelines. A second category (Group B) was composed of patients who were diagnosed for TB after varying time of HIV treatment from weeks to years. The day of initiation of TB treat-ment was the day of enrolment in the study. A schematic representation of the flow of the recruitment process of the patients including the sample size for each group is shown in Figure 2 . Demographic variables were recorded at enrolment and relevant clinical chemistry values measured.
Blood sample collection: The patients studied had taken an EFV dose (600 mg) in the evening as per the current treatment guidelines. Samples were collected in the morning at arrival at the clinic, at the convenient time of the patient, approximately 13 hours after the previous evening EFV dose. After initiation of both HIV and TB treatments, patients were monitored for six weeks to collect sparse blood samples for determination of EFV blood concentrations, CD4 cell counts and HIV-RNA copies. Two additional samples were collected at enrolment for genotyping and clinical chemistry tests. At initiation of the treatment after enrolment, rich sampling was performed at pre-dose and after 1, 2, 3, 4, 6 and 8 hours of initiation of HAART. All blood samples were collected into EDTA tubes (4 ml) and stored at −80˚C until analysis. Samples for determination of EFV concentrations were centrifuged (10 minutes at 10,500 g) before storage.
Bioanalysis: EFV was quantitated using a validated high-performance liquid chromatography method with ultraviolet detection, as described previously [29] . Briefly, chromatographic separation was carried out using a C18 analytical column equipped with a security guard column. The mobile phase consisted of the mixture acetonitrile-water (75:25% v/v; pH of water adjusted at 3.2 using 0.1% formic acid), and was pumped at a flow rate of 0.3 mL/min. EFV and ritonavir (internal standard) were monitored at 247 nm. Plasma proteins were precipitated by centrifugation. The lower limit of quantitation was set to 0.06 lg/mL with deviation from the nominal concentrations being <20%, in accordance with the bioanalytical method validation guidelines of The United States Food and Drug Administration. The response was linear with a correlation coefficient of 0.9997, a slope of 0.189 and y intercept of 0.003. The relative standard deviation for the slope was 5.474%. The accuracy ranged between 98% and 115% (intraday) and between 99% and 117% (interday). The precision ranged from 1.670% to 4.087% (intraday) and from 3.447% to 13.347% (interday). Recovery ranged from 98% to 132%. Stability ranged between 99% and 123%. The selectivity was proven by analysis of drugs used for the management of HIV/AIDS and TB.
CYP2B6 genotyping: Patients participating in this study were genotyped using a PCR-based technology with respect to different SNPs including CYP2B6 516G > T. The background, genotyping methodology and results including the frequency of alleles and genotypes were described elsewhere [24] . In summary, whole blood sample was collected for genotyping. DNA was extracted at LGC Genomics GmbH (Berlin, Germany) using the patented PLUS XL manual kit (catalog: catalogue number 40,801 and 40,810). Selected SNPs including CYP2B6 516G > T were genotyped at LGC Genomics Ltd., (Hoddesdon, UK) using the patented KASP assay (Kompetitive Allele Specific PCR), which is a polymerase chain reaction based, homogeneous, fluorescent, endpoint-genotyping technology. The KASP genotyping system was comprised of the SNP-specific assay (a combination of three unlabelled primers) and the universal reaction mix, which contains all other required components including the universal fluorescent reporting system and a specially developed Taq polymerase. The Hardy-Weinberg equilibrium (HWE) testing was performed for each of the SNP to validate the quality of genotyping, and all the SNPs conformed to HWE.
Population PK analysis: The population PK analysis was performed in NONMEM computer program, Version 7.1.2 and goodness-of-fit plots were constructed with Xpose4 library (version 4.3.2, 2010) run in R program (version 2.13.0, 2011). Preliminarily, rich and sparse data were graphically examined. All data was then combined and used in the modeling. The data used in the modeling was log-transformed. A one-compartment model with first-order absorption and elimination was used to describe the data, using the NONMEM subroutine ADVAN5/TRANS1 and first order conditional estimation (FOCE) method. The PK parameters were allometrically scaled by a standard body weight (70 kg) as previously applied by Gengiah et al. [30] . The scaling factor was a priori set to 0.75 for clearance (CL/F) and to 1 for volume of distribution (V/F). Inter-individual variability (ω 2 ) was estimated for all the structural parameters of the model using an exponential error model, assuming that the individual value for a structural parameter was log-normally distributed. Residual variability (σ 2 ) was estimated as an additive residual error on log-transformed data corresponding to an approximately exponential residual model.
Population PK parameters including CL/F, V/F and absorption constant rate (Ka) with a lag time (alag) were first estimated in the basic PK model. Given that CL/F of EFV has been shown to increase over time because of auto-induction [10] or the presence of an inducing agent, like the TB drug rifampicin [9] , CL/F values were, in the final model, estimated taking into account the potential for the previous treatment to induce EFV. Hence CL/F values were estimated at baseline and at steady state to account for drug-drug interactions caused by enzyme induction. CL/F at baseline corresponded to the CL/F of the first day of initiation of HAART for Group A patients (naive) after some weeks of RBT, and the CL/F at the day of enrolment in the study after several months of EFV-based HAART in Group B patients. CL/F at steady state corresponded to the CL/F estimated for the two patient groups over six weeks with patients being under concomitant HIV and TB treatments. Different CL/F for each of the 3 CYP2B6 516G > T genotypes were estimated in the two groups in order to quantify the impact of genetic polymorphism in that gene on the metabolism of EFV. The CL/F at baseline and at steady state was modelled according to the following equations:
At The final model selection was based on standard goodness-of-fit plots, agreement in the observed and individual and population predicted data, lack of trend or pattern in scatter plots of weighted residuals versus predicted concentrations or conditional weighted residuals versus time, the precision of the parameter estimates expressed as 95% confidence interval (CI) , agreement between the observed data and the 95% CI of the data and comparison of NONMEM objective function values (OFV; it is expressed for convenience as minus twice the log of the likelihood, and is a single number that provides an overall summary of how closely the model predictions match the data; the lower the OFV, the best the fit). A reduction in OFV of at least 3.84 was considered significant (p = 0.05). Model evaluation was performed using bootstrap with 500 re-sampled datasets, and a simulation-based visual predictive check (VPC) to evaluate whether model predictions adequately described the observed data [31] .
Results
Characteristics of the population studied: The baseline characteristics of participating patients are presented in Table 1 . The mean ± SD age for the patients participating in this study was 38.0 ± 8.1 years, varying between 21 and 52 years for group A patients and between 26 and 57 years for group B patients. The gender ratio (male: female) was 1.06 (37:35) with 22 and 15 males in groups A and B, respectively, and 17 and 18 females in Groups A and B, respectively. Among the 72 patients participating in the present analysis, thirty nine patients were in Group A, with RBT for an average period of six weeks prior to EFV-based HAART. Thirty three patients with previous exposure to EFV-based HAART belonged to Group B. Among the 64 individuals with available genetic data in CYP2B6 516G > T, there was equal number (45.3%) of extensive (CYP2B6 516G/G genotype carriers) and intermediate (CYP2B6 516G/T genotype carriers) metabolizers of EFV, while poor metabolizers (CYP2B6 516T/T genotype carriers) represented 9.4%.
Efavirenz plasma concentrations and the dataset: Sparse EFV plasma concentrations were measured for 76 patients who were treated with EFV-based HAART. Only 72 patients (Figure 2) were considered in the present analysis, removed ones had either undetectable or below the lower limit of quantitation plasma concentrations. Of the remaining patients, 42 had undergone rich sampling. Finally, a total of 740 plasma concentrations from 72 individuals, of which 64 individuals with genetic data in CYP2B6 available ( Table 1) were used to build a dataset merging sparse and rich data for this population PK analysis. EFV plasma concentrations were highly variable, as shown by plots of the sparse and rich concentrations used in the present analyses ( Figure 3) ; they ranged between 0.08 and 15.0 mg/L. Consequently, one patient had concentrations that were constantly very high at all follow up occasions (8.0 -10.2 mg/L for rich occasions, and 10.2 -15.0 mg/L for sparse occasions), and 14 concentrations from different patients were very low (0.08 -0.19 mg/L), and appeared as outliers in diagnostic and VPC plots. Twelve of them were part of rich data.
Pharmacokinetic parameters: The final PK model was a one compartment model with first order absorption and elimination, and with inter-individual variability on CL/F, V/F, Ka and alag. CL/F values were estimated according to the three CYP2B6 516G > T genotypes in each of the patient groups, at baseline and at steady state. The final population PK parameter estimates are detailed in Table 2 and Table 3 . The absorption rate constant and the apparent volume of distribution in the final model were 1.9 h −1 and 580 L/70kg, respectively ( Table 2 ). The CL/F at baseline was 11.8 L/h/70kg, 8.8 L/h/70kg and 3.9 L/h/70kg for patients carrying the G/G, G/T and T/T genotypes of CYP2B6 516G > T, respectively, in patients who initiated TB treatment for some weeks prior to HAART; and 16.7 L/h/70kg, 10.6 L/h/70kg and 1.8 L/h/70kg for G/G, G/T and T/T genotype patients respectively, in patients with previous exposure to HAART ( Table 3 ). The fractional increases of CL/F were 0.51 and 0.55 in patients who had initiated TB treatment prior to HAART and in group of those who had previous months Table 1 . Baseline characteristics of the patients participating in this study.
Characteristics Value
Gender ratio (male: female) of exposure to HAART for a long period, respectively. Table 3 presents the CL/F values of the final model stratified by CYP2B6 516G > T genotypes in each patient group. As can be seen, the CL/F at baseline and steady state was always higher in patients with previous exposure to HAART (HAART PREV ) compared to those who were naive, and who initiated TB treatment prior to HAART (TB PREV ). Exception to this was for carriers of CYP2B6 516T/T genotype; probably because of the limited sample size (only one T/T patient in the second group). Carriers of CYP2B6 516G/G genotype (extensive metabolizers) in all patient groups exhibited higher CL/F compared to carriers of other genotypes, whereas lower CL/F were seen with carriers of CYP2B6 516T/T genotype (poor metabolizers). All the above indicates that previous exposure to HAART increased the CL/F, regardless of CYP2B6 516G > T polymorphisms. This is in agreement with the trends of measured EFV plasma concentrations plotted in Figure 3(a) , where patients with previous exposure to HAART showed lower concentrations compared to those who had prior TB treatment. Note that one patient who was previously treated with HAART showed the highest sparse and rich concentrations in Figure 3 and was carrier of CYP2B6 516T/T genotype (poor metabolizer).
Ka was estimated with a poor precision probably because of few data for the absorption phase; this difficulty was previously reported in other studies [32] [33] . Other parameters were estimated with a satisfactory precision ( Table 2 and Table 3 ). Allometrically scaling the CL/F and the V/F for weight resulted in improved OFV compared to a model without weight. The final model was evaluated, and the results of the VPC are displayed in Figure 4 , as the prediction of the median concentration (solid line), and the 95% CIs (grey area). The VPC results confirmed the adequacy of the model predictions in describing the observed data.
Discussion
This study aimed to describe the PK parameters of EFV by taking into account a real clinical situation and to estimate the CL/F of EFV by accounting simultaneously for CYP2B6 genetic polymorphisms and for DDIs caused by induction. Interindividual variability in EFV pharmacokinetics associated with CYP2B6 516G > T genetic polymorphisms has been extensively studied [21] - [23] and DDIs affecting EFV either through auto-induction or involving the TB drug rifampicin documented [15] - [17] [19] [20] . Nevertheless, today no study has characterized the PK of EFV in the studied population, reported to exhibit differences in SNPs to other African population [24] , when undergoing HIV/TB cotreatment. Consequently whether CL/F values of EFV differed according to the current treatment nature is not known. This study reports CL/F values of EFV which differed according to whether the patients were under TB treatment before initiation of EFV-based HAART or whether they had previous exposure to HAART before being diagnosed for TB and initiation of TB therapy, regardless of the CYP2B6 516G > T polymorphisms. CL/F values were also different according to the CYP2B6 516G > T genotype carried by the patients (G/G, G/T and T/T for extensive, intermediate and poor metabolizers, respectively), regardless of the previous treatment received by the patients. Moreover, this study demonstrates that a one-compartment model with first-order absorption and elimination can be used to characterize CL/F of EFV in a patient population with various durations of previous exposure to treatments that have inducing effects.
In patients pre-treated for TB (Group A), it appears that the CL/F of EFV was under the influence of enzyme induction which was elicited by the previous TB treatment before the initiation of EFV-based HAART. While in patients with previous exposure to EFV-based HAART (Group B), the estimated CL/F of EFV was auto-induced by EFV itself. On one hand, rifampicin, one of the TB drugs has been shown to induce EFV metabolizing enzymes such as CYP2B6 [16] [34] [35] and CYP3A4 [18] [36] . Enzymes metabolizing EFV were reported to be induced to a maximum degree during the early stage (first eight weeks) of RBT, indicating no prolonged enzyme induction to affect EFV kinetics over time [20] . This suggests that rifampicin enzyme induction was still ongoing the day of initiation of EFV-based HAART in Group A patients of our cohort who had less than eight weeks of TB treatment, which was the case for 85% of the patients of this group. This indicates that enzyme induction had not yet reached its maximum, explaining the lower CL/F of EFV at baseline for patients of this group compared to Group B patients. On the other hand when treating HIV alone, EFV was reported to accelerate its own metabolism by inducing CYP2B6 and CYP3A4 up to a prolonged period of 3 months to reach almost its maximum [10] [12] . This indicates that in Group B, EFV auto-induction was still ongoing for patients who have been treated with HAART for a period of less than three months, whereas it has reached its maximum for those who have been treated with HAART for a period of more than three months. Since patients of this group may have been under HIV treatment for several months, EFV metabolizing enzymes were highly induced up to the maximum in patients of this group, explaining the higher CL/F values observed at baseline for Group B compared to Group A patients. Furthermore, when treating both HIV and TB, Ngaimisi et al. [20] reported an early induction of EFV metabolizing enzymes by RBT and a non-significant additive or synergistic effects for EFV auto-induction over and above ongoing RBT. Our data however, showing an increase of 51% and 55% of the CL/F in Group A and B patients, respectively, argue for a significant contribution of EFV auto-induction to the overall induction. This indicates that the increase of the CL/F observed in this study was dependant on the inducing effects of both RBT and EFV.
The influence of CYP2B6 genetic polymorphism on the CL/F of EFV was observed in this cohort, according to which carriers of G/G genotype had higher CL/F compared to carriers of G/T and T/T genotypes. These results are in agreement with our previous report where carriers of CYP2B6 516T/T genotype were found to present with higher EFV plasma levels [37] . On the other hand, they are comparable to the significantly higher EFV trough concentrations and exposure in T/T than in G/T and G/G genotype patients reported by Ramachandran et al. [35] in Indians, and the longest half-life for T/T genotype individuals reported by To et al. [38] in Chinese; all these implying a lower and higher CL/F of EFV for T/T and G/G genotype patients, respectively. Similar trends were also reported in African populations, such as South Africans [39] , Ghanaians [40] and Zimbabwean patients [41] . Our results imply that genetic polymorphism in CYP2B6 516G > T should be taken into account when adjusting EFV dose and patients under EFV-based treatment monitored closely since carriers of T/T and G/G genotypes may be at risk of supra-therapeutic levels (responsible for neuropsychiatric side effects) and sub-therapeutic levels of EFV (responsible for treatment failure). Overall, estimated PK parameters for EFV were in agreement with those previously reported [32] [33] [41] .
Several population PK models for EFV have been developed; nevertheless, ours is among few attempts to characterize the CL/F of EFV taking into account all categories of the patients that may exist in a real clinical situation, with various durations of previous exposure to treatments that have inducing effects. This made our cohort being composed of patients with previous exposure to treatments that had the potential to induce EFV metabolizing enzymes, implying that the estimated baseline CL/F was already induced and to different extents in patients in both groups of this cohort, while no data for a non-induced phase were available. In addition, we enrolled patients with various durations of exposure to HAART (Group B) and they may also have had differences in compliance to the treatment. Also, sparse data used in our dataset were from mid-dose sampling (sampling performed between doses, usually between 8 -20 hours). Because EFV is generally taken at bedtime to improve its tolerability, we used mid-dose sampling because it is the most practical in an outpatient setting for patient convenience [42] . Also, mid-dose sampling is usually used in clinical studies of EFV disposition since mid-dose levels of EFV have been reported to be highly correlated with EFV area under the curve values when measured at steady state [43] .
Conclusion
The results of this study indicated higher CL/F values in patients with previous exposure to HAART, regardless of the CYP2B6 516G > T polymorphisms, and in carriers of CYP2B6 516G/G genotype, regardless of the previous treatment received by the patients. This suggested that the CL/F of EFV in the population studied was predictably different due to whether the patients were mono-treated for TB with HAART deferred or for HIV before initiation of TB therapy, and to CYP2B6 516G > T variant. Thus, not only should the patient genotype status with respect to CYP2B6 516G > T be taken into account when adjusting EFV dose, but also the current treatment nature with caution to previous exposure to HAART. 
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